Clinal variation along both altitudinal and latitudinal gradients was clearly observed in glutamate oxaloacetate transaminase gene frequencies (GOT 1 locus) from 21 diploid and 90 tetraploid populations of Dactylis glomerata L. collected over the entire area of the primary and secondary geographic distribution of the species. This was the starting point for experiments designed to detect selective effects and determine the significance of polymorphism at this locus. Progressive investigations were made combining different approaches to determine correlations between allelic frequencies and environmental variables. Consistency of these correlations was tested by small scale studies in sites that exhibited gradients in particular environmental variables and comparisons of the in vitro activiti of the allozymes were also made.
INTRODUCTION
The intuitive notion that there are correlations between genetic variability and the ecological amplitude of populations is supported by results from several studies of polymorphism in animal and plant species (Maynard Smith, 1962; Clegg and Allard, 1972; Koehn and Mitton, 1972; Babbel and Selander, 1974; Gottlieb, 1975; Allard etal., 1978) including polyploid complexes (Roose and Gottlieb, 1976; Hancock and Bringhurst, 1979, 1981) . In the latter cases, polyploids were generally found to have a higher genetic diversity and to be distributed over a wider range of habitats than their diploid progenitors but the selective mechanisms underlying this difference are not clear. One of the reasons for this lack of understanding may be the absence of data correlating genetic diversity with selective factors. Although patterns of genetic diversity including enzymatic polymorphism have often been shown to be non-random (Hamrick and Allard, 1972 ; Levy and Levin, 1975; Nevo and Bar, 1976; Levin, 1977; Bergmann, 1978; 153 154 R. LUMARET Valizadeh and Valdeyron, 1979; Nevo et a!., 1979; Kahler et aL, 1980; Anderson, 1981; Nevo and Yang, 1982) , there have been very few cases where selective factors have been identified. When they have been, there are only a few situations where selection could be reasonably considered to act directly upon the alleles segregating at a specific locus. The best example concerns a haemoglobin polymorphism in man (Allison, 1955) , other examples include enzymatic polymorphism as glucose-6-phosphatedehydrogenase in man (Luzzato et a!., 1969) and alcohol dehydrogenase in Drosophila melanogaster (Clarke, 1975). This paper is an attempt to determine the ecological significance of polymorphism at the GOT 1 locus which codes for glutamate oxalo-acetate transaminase allozymes in the naturally occurring polyploid complex, Dactylis glomerata. Since tetraploids originate from diploids in this species by autopolyploidy, several levels of genetic structural complexity and potential diversity at this locus can be considered and a direct comparison made between related groups of plants. Diploids are located in very specialised habitats while tetraploids are widely distributed in many variable environments. This situation provides a good opportunity to study the relationships between genetic variability and the ecological amplitude of populations in this allogamous species. The tetraploid material had been derived from numerous locations in Europe and North Africa and from several additional sites in the secondary geographical distribution of the species: Vancouver (Canada; site 83), Azul and Necochea (Argentina; sites 84 and 85), Hill Road and Queenstown (New Zealand; sites 86 and 87) . 90 populations were studied in total. They belong to the three tetraploid subspecies, D.g. glomerata (a mesic subspecies) D.g. hispanica (a mediterranean subspecies) and D.g. marina (a sub-tropical subspecies), or they were obtained from hybridisation areas between them. Gene flow is considered to be high between tetraploids but to be less frequent between diploids or heteroploids (Borrill, 1977) .
This large-scale sampling was conducted according to latitude and altitude gradients. The geographical co-ordinate and altitude of collection sites were obtained from the Times Atlas of the World (The Times, London, 1967) and climatic data for adjacent weather stations from World Weather (Her Majesty's Stationery Office; London, 1967) and KlimadiagrammWeltatlasJena (Walter and Lieth, 1967) . Nine climatic variables were used.
Generally, twenty year averages were considered for each of the variables, and classes were determined and coded from the lowest to the highest values: annual rainfall (5 classes), average annual temperature in °C (4 classes), average daily minimum temperature for the coldest calendar month (3 classes), average daily maximum for the hottest calendar month (6 classes), number of months with minimum absolute temperature under 0°C (4 classes), number of months with average monthly temperature under 0°C (4 classes), number of months with aridity (4 classes) and intensity of aridity (5 classes) according to Gaussen's diagrams (1955) and the bioclimatic index of Giacobbe (1959 Giacobbe ( , 1964 calculated from June to August in the northern hemisphere and from December to February in the southern hemisphere. For this last variable four classes ranging from mesic to the more arid climates (classes 1 to 4) were considered.
In addition, a small scale sampling was performed along two transects exhibiting clinal variation for soil water availability. The first, 40 m in length, is located in Southern France, at St Martin de Londres, near Montpellier, within a "garrigues" vegetation (Mediterranean shrub associations on limestone) containing the tetraploid Mediterranean subsp. hispanica; the second, 130 m long, is a sandy dune in Northumberland where the tetraploid glomerata subspecies is present. Characteristics of this site have been described in detail by Ashenden et al., (1975) .
The inheritance of allozymes coded by the GOT 1 locus and the electrophoretic techniques used to detect them have been reported in a previous paper (Lumaret and Valdeyron, 1978) . Allozyme assays were performed on leaf tissue, from plants in situ in the case of the small scale Mediterranean sampling, and in all other cases from seedlings grown from seeds collected in nature. The seeds were germinated and seedlings grown in the greenhouse for approximately 12 weeks until they were assayed. In general, one seedling individual was examined from each mother plant. The average number of plants per sample was 46 with a variance of 21.02; 82 and 220 individuals respectively were analysed in the English and French transects.
Allelic expression was estimated for different pairs of alleles by the relative intensity of electrophoretic bands measured with a densitometer. Results were compared at 5°C and 38°C which were considered to be close 156 R. LUMARET to the two extreme temperatures under which plants may be found still growing in natural conditions. After the electrophoretic process, two pieces of the same gel containing extracts from the same plants were simultaneously used for staining bands at each of the two temperatures, other experimental conditions remaining identical.
RESULTS
(i) Geographic distribution of alleles Allelic frequencies at the GOT 1 locus are shown in figs. 2 and 3 respectively for 21 diploid and 52 tetraploid populations. Eight alleles were found in the complex. One of them (GOT 10.90 ) is only present in populations of several diploid subspecies; four (GOT 1010, GOT 1126, GOT i'18 and GOT 11.50 ) are characteristic of tetraploid populations. GOT 10.10 is widely distributed in the sub-humid Mediterranean cool-summer regions. GOT 1126 is usually found only in very low frequencies (less than 5 per cent) in the mesic climatic regions. GOT 1118 and GOT 1150 are very localised alleles: GOT 1118 was only found in a population from Czechoslovakia and GOT 1 150 is a characteristic of the two Argentinian populations, 250 km apart (not represented in fig. 3 ). Three alleles are found in both diploid and tetraploid plants; GOT 1038 is principally present in the Mediterranean area; GOT 1100 and GOT 1072 are more widely distributed. Fig. 3 shows clearly that GOT 1100 is predominant in the north western region of Europe and its frequency decreases regularly southward, whereas the frequency of GOT 1072, which is very high in the Mediterranean area, declines in the opposite direction. For these two alleles, the general pattern of distribution in diploids ( fig. 2 ) is similar to that found in tetraploids, since GOT 1072 frequencies are very high in the Mediterranean area and the GOT 1100 allele is mainly present in more mesic climatic regions with higher latitudes or altitudes. However, two exceptions were noticed. These are the two populations from Israel and Lebanon (subsp. judaica) which are classified in the Mediterranean group (Borrill, 1977) according to morphological traits. A general survey of polymorphism at 11 other loci coding for various systems confirmed the existence of high similarity between Judaica and other subspecies growing under more mesic climates (Lumaret, 1981) . This situation is a good illustration of the high discordance between morphological and biochemical characters which may be found in the evolutionary process.
The allelic diversity of diploid and tetraploid populations was also compared using the entropy measure of Shannon and Weaver (1963): = -p, log2 p1, where p, is the frequency of the ith allele and n is the total number of alleles. This index combines diversity from both the numbers and frequencies of the alleles.
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R. LUMARET For each n, the H value is a maximum if the alleles are equi-frequent.
In this case, Hmax = log2 n. E = Hot,s/Hmax, called "equitability", reflects that part of the diversity due to frequency differences of alleles. This second index ranges from 0 to 1 and was also used in the analyses. The allelic diversity indices ranged from 032 to 195 in the 90 tetraploid populations studied in total (the average was 1.21) and between 000 to 149 in the diploid populations (the average was 0.69). Mean equitability was 086 and 074 respectively in diploids and tetraploids. This means that the higher diversity values found in the tetraploids are due mainly to the higher numbers of alleles per population and not to the relative proportions of these alleles (many of the alleles found in the tetraploids are present in very low frequencies; see fig. 3 ).
(ii) Global structure of polymorphism Synthetic analyses of polymorphism by numerical methods were carried out to complement the direct survey of large scale geographical allelic distributions. Genetic distances, d, between populations were determined from their allelic distributions by: d=.J(1/p1)(x,-y,)2, where x and y, are the respective frequencies of the ith allele (between 1 and n) in the two compared populations, and p, the average frequency of each allele in all the populations, and is the square root of a weighted x2
The respective positions of the populations estimated by the distances between them were plotted in multidimensional space and then projected upon a plane by non-metric multidimensional scaling (or proximity analysis) (Escoufier, 1975) .
The same distances were also used as the basis for a cluster analysis (UPGMA). Clusters at the different levels of agglomeration were mapped onto the diagram obtained from multidimensional scaling so that concordance between the results from the two methods could be easily compared.
Global polymorphism at locus GOT 1 is indicated in fig. 4 . The first two axes account for 59 per cent of the total variation. Five clusters were formed at level 15 of the hierarchical clustering (total scale ranging between 0 and 100). Clusters I and V are both characterised by presence of the GOT i°9° allele but they differ from each other because of the identity of the other alleles (GOT 1'°° for I and GOT 1038 for V) that were present in the same populations. Cluster IV groups populations with the GOT 1038 allele. The two last clusters (H and III) include diploid or tetraploid populations aligned along axis 2 according to their frequencies for alleles GOT 1100 and GOT 1072: as the values decrease along axis 2, the frequency of the allele GOT 11.00 increases and that of allele GOT 1072 decreases.
The agreement between these two opposite gradients and geographical dines observed for the same two alleles ( fig. 3 ) might be interpreted as a result of founder effects followed by gradual reciprocal introgressions. However a more detailed survey of gradients in fig. 4 that local selection might have occured and this possibility was therefore considered in more detail.
(iii) Correlations between allelic frequencies and environmental variables A correspondence analysis adapted from Benzecri (1973) was carried out to study relations between polymorphism at the GOT 1 locus and climatic variables at the collecting sites. This method is well suited to the data which were in the form of both frequencies of alleles and binary data for the different classes of each climatic variable. The Giacobbe index value (less than 8) and length of aestival aridity (more than 4 months) which are generally considered to be good criteria for characterising xeric climates are the closest to the GOT 10.72 allele.
No clear rela lonships were detected between the distribution of alleles GOT 10.38, GOT 1°'°, GOT i°9° and climatic variables but the rarity of the last two alleles may be sufficient to explain this.
Similar analyses were carried out with edaphic variables and several characteristics of the vegetation structure. It was clear from the results that no consistent correlations between allelic distributions at the GOT 1 locus and variation of these factors could be extracted.
(iv) Directional variations of polymorphism The consistency of correlations between alleles and climatic factors was tested by small scale analyses of polymorphism at the GOT 1 locus along two transects exhibiting clinal variations in the availability of soil water.
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The Mediterranean transect ( fig. 6 ) was divided into three parts (dry, intermediate and wet) according to the variation in specific composition using Haming's relative distance method (Gauthier and Godron, 1976) . Roy (1980) has shown that plants from the driest and wettest parts of the transect differ in physiological responses to drought.
Polymorphism was examined for the three sub-populations in which four alleles were found in total. The allelic frequencies of two alleles, GOT 1100 and GOT 1072, were similar to the driest and intermediate parts where the soil was stony (from 15 to 30 per cent stones) and less than 50 cm deep while in the wettest part where the soil was much deeper (1.20 m in the average) with only 2 per cent stones, the frequency of GOT 1100 increased while that of GOT 1072 decreased. The differences between the extreme parts of the transect were found to be significant at the 5 per cent level, using a chi-square test. In contrast, the frequencies of GOT 10.38 and GOT 1°'° did not change significantly along the transect.
The same type of variation was observed for alleles GOT 1100 and GOT 1072 between populations from sites 1 and 6 of the English transect ( fig. 7 ). Differences are significant at the 5 per cent level. As shown by drainage experiments, sites 1 and 6 were the wettest and the driest respectively along a strong gradient of soil water retention. According to Ashenden et a!. (1975) , the population of D. glomerata at site 1 could have been derived from seed from hay brought in as forage for cattle annually since 1946. The plants are thought then to have spread to the top of the dune (site 6) by animal or wind transport. Ashenden (1978) found that plants from seeds collected in site 6 exhibited morphological features as well as physiological characteristics associated with drought avoidance. These characteristics were not present in plants from site 1.
In addition, 20 and 21 individuals, were analysed from sites 2 and 4 respectively. Water retention characteristics of site 2 were very similar to those of site 1 (the wettest site) and site 4 was considered by Ashenden (1978) as a dry site very similar to site 6 (the driest site). The GOT 1100 and GOT 1072 frequencies were found to be respectively 075 and 024 at site 2, 070 and 030 at site 4. Although analysis of many more individuals would be necessary to detect significant differences, the results are consistent with the general pattern of variation.
The contrasting variation in the frequencies of GOT 1100 and GOT 10.72 was found in numerous other situations in which polymorphism at the GOT 1 locus was compared for paired groups of plants from nearby sites which differed principally in soil moisture status. Examples are given in table 1 for three localities near Montpellier (South of France). In every case, the results were consistent with those obtained previously from the transect studies. The allelic expression of GOT 1100, GOT 1072, GOT 1038 and GOT 1010 was measured by densitometry from band intensity on zymograms and compared at 5°C and 38°C. Heterozygote diploid or digenic duplex tetraploid genotypes were used for this purpose by combining each of these four alleles in pairs. No consistent difference was noticed between alleles at either of the two temperatures excet for genotypes including GOT 1°'°. At 38°C, the expression of GOT 10. °is approximately half of that observed for each of the other three alleles, but at 5°C the intensity of this band is equal to that of GOT 11.00 and GOT 10.72 and a little stronger than that of GOT 108 as can be seen from fig. 8 . These results were repeated many times either with successive extracts from the same plants or with identical genotypes from different populations.
The frequency of GOT 10.10 in the field never exceeded 10 per cent in any population, except in 11 of the 41 tetraploid populations where the allele was present. Each of these 11 populations was located in upland Mediterranean areas characterised by aridity in summer, during which plants cannot grow, and by very low temperatures in winter. Plants of the Mediterranean subspecies (hispanica) usually grow in winter whereas those of the subspecies glomerata which occurs in cold temperate areas stop growing 20 (14) 58 (40) 50 (35) 16 (11) 1186 (open habitat) Causse de Ia Selle 2 39 36 (23) 37 (24) 69 (44) 14 ( from autumn to spring. Experimental studies made by Eagles and Ostgard (1971) concluded that at low temperatures (5°C),the Norwegian populations of Dactylis showed reduced leaf expansion in contrast to the Portuguese which continued active leaf expansion. At 25°C the relative performance of the two groups was reversed. Activity of enzymes coded by the GOT 1 locus was found to be in direct relationships with leaf development (Lumaret, 1981) . In a few situations, direct contacts between natural populations of the two subspecies glomerata and hispanica occurred in the same locality, generally as a result of human activity. Such a situation was described from the Crau, the low Rhóne region in South of France. In this region, native populations belong to the hispanica type and occupy the more xeric habitats. Plants of the glomerata type originating from the Alps were brought to the lowlands by water in rivers used for irrigation (Hugues et aL, 1949) . Their growth throughout the year is maintained in the wetter and cooler environments created by irrigation. In this situation, geile flow between populations of the two subspecies was detected. Though the GOT 10.38 and GOT 10.10 alleles are absent from the original glomerata type and are present in the hispanica subspecies (with high frequency for GOT 1038 and low frequency for GOT 1010), they were both present in the irrigated populations of the Crau. In these populations the frequency of occurrence of GOT 1010 was found to be higher than that of GOT 1 O38 (Lumaret and Valdeyron, 1980; Gouyon et aL, in press ).
There appears therefore to be a consistent relationship between the in vitro observed variability in the expression of GOT 1010 with temperature a b 38 oC and variation of frequencies of this allele in natural populations depending upon the different climatic conditions.
DISCUSSION
The repeatability and the general consistency of results obtained from the different approaches and the studies using several levels of investigation support the idea that the allelic distributions and especially those of GOT 1100, GOT 1072 and GOT 10.10 suggest the occurrence of selective effects. The nature of any selective forces remains to be precisely determined, but water availability and temperature seem to be the most probable. These two factors are often closely associated in the immediate environment of plants. They would act at a local level and variation on a wider scale could be considered as integrating that which occurs in the local sites.
However, as has already been reported (Clarke, 1975) , even the most sophisticated genotype-environment correlations fail to show that selection is acting directly on the locus being observed and do not contradict a notion of neutrality. For example, selection might be acting on a locus tightly linked to the one whose product is studied. The linkage might be explained by chance, although the linkage groups themselves may be interpreted as the result of selection.
If the observed pattern of polymorphism distribution at the GOT 1 locus is interpreted as the direct result of selection, the selective values conferred on genotypes by the different alleles would appear to depend on environmental conditions, particularly water availability and temperature. With this interpretation, the effects of the different environmental conditions on allelic diversity can be estimated by classifying populations according to their respective environments described by these two types of climatic characteristic. This allows the level of diversity to be compared in the different situations. The test was run with data from the tetraploid populations. The average daily minimum temperature for the coldest calendar month (3 classes) and the bioclimatic index of Giacobbe for summer months (4 classes) were both chosen as variables. The number of populations scored in each of the twelve arrangements (classes Ito XII) was put in parentheses in table 2. This table gives in addition the average values of allelic diversity (Shannon's entropy index), at the GOT 1 locus for populations of each class.
It can be observed from the results that the enzymatic diversity is lowest either in classes I and II, which correspond to cold winters and cool wet summers, or in classes IX and XII with dry summers and winters without frost (generally winter is also the wettest season). Populations in situations I and II are summer growing while those in situations IX and XII are winter growing. In these four situations, climates may be oceanic or have continental tendencies on the one hand while being true Mediterranean climates, on the other hand. They were all found in addition to be stable and predictable and Dactylis populations were supposed to have narrow niches* in these conditions. All the diploid populations could be classified in these four classes. The highest allelic diversities were obtained in classes IV and V where there is a possibility of both drought in summer and frost in winter. All * niche: an n dimensional space including all physiological requirements of a species (Hutchinson, 1958) . populations in these two classes were found to be in the generally more mesic Mediterranean cool-summer regions and face the sub-humid Mediterranean climate principally characterised by a wider range of interannual variation and a high unpredictability (Mascart, 1925; Baudière and Emberger 1959; Saintignon and Martin, 1974; Thiebaut, 1979) . Most of these populations belong to the Mediterranean subspecies and they usually grow from autumn to spring. There may be a partial or total lack of rain in spring and autumn (the two normal periods of precipitation) and long lasting winter frosts may occur in some years. These can produce important disturbances which may result in decrease or total absence of seed or leaf production over a period of one or two years but the plants can still survive. In these situations, a high allelic diversity can be considered as a genetic adaptation of these perennial plants (whose life-span is 10 years on average) to cope with these fluctuating conditions. No diploid populations were found in such situations. Similar general genetic patterns have been described previously in animal or plant species. In most cases, the occurrence of selective effects was mentioned (Beardmore, 1970; Clegg and Allard, 1972; Babbel and Selander, 1974; Gillespie and Langley, 1974; Nevo and Bar; , Miller, 1977 , but high diversity was sometimes considered as being due to migration and reciprocal introgression between populations adapted to different environments (Soulé, 1971) . In the case of Dactylis the consistency of this gene flow-variation interpretation is upset by the results from demographic studies carried out over a five year period, using tetraploid populations growing in unstable climatic conditions (Tomekpe et aL, 1982 and Tomekpe, unpublished) . The four alleles GOT 1100, GOT 1072, GOT 1038 POLYPLOIDY AND POLYMORPHISM IN DACTYLIS 167 and GOT 10.10 were present in all the populations of the region and both trigenic (individuals with three different alleles at the locus) and tetragenics (four alleles) occurred at between 27 and 60 per cent (averages, 47 per cent) of the total individuals. Evidence was obtained that plants which possess the highest level of heterozygosity (three or four alleles per locus) have statistically the greatest longevity and the highest annual production of seeds. This correlation was mainly observed with the GOT 1 locus and was considered in this case as an effect of overdominance. An example of such results is given in table 3; more extensive data will be published later (Tomekpe and Lumaret, in preparation) . According to Johnson (1974) , the biochemical interpretation of this result would be that, in the event of changed reaction conditions associated with varying environments, the possession of several allelic forms of the same enzyme may permit the tetraploid to maintain a sufficient flux through metabolic pathways. Finally, it appears to the present author that the most important conclusions supported by this study are (a) the high probability of adaptive significance of polymorphism at the GOT 1 locus in the Dactylis complex and (b) a wider range of genetic diversity with, consequently, a wider range of ability to adjust to environmental conditions, in tetraploids compared with diploids.
Taking the results together to make one general observation, we would postulate that differences in the genetic structure between diploid and tetraploid individuals could be directly responsible for differences in tolerance of total environmental experience, and therefore in the width of their respective niches. This could explain why polyploids are generally found to possess effectively a wider ecological distribution than their diploid progenitors.
